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Abstract: Since the 1960s, biological macromolecules have occupied an increasingly important role in evolutionary and systematic
studies. These biological macromolecules, used as sources of molecular characteristics, are proteins and various types of DNA such
as a nuclear genome, nuclear ribosomal DNA, mitochondrial genome, and chloroplast genome. Electrophoresis and immunological
techniques are used for generating systematic data from proteins. Generally, electrophoretic methods focus on two general forms
of protein data, isozymes and allozymes, while the basis of immunological studies is antigen-antibody reactions. Basic methodologies
for using DNA for systematic purposes include DNA-DNA hybridizations, restriction enzyme analysis, sequencing, cloning, PCR and
PCR-based fingerprinting techniques.
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Sistematik Biyolojide Protein ve DNA
Özet: 1960'l› y›llardan itibaren biyolojik makromoleküller evrimsel ve sistematik çal›flmalarda giderek artan önemli bir role sahip
olmufllard›r. Moleküler özelliklerin kayna¤› olarak kullan›lan bu biyolojik makromoleküller, protein ve nükleer genom, nükleer
ribosomal DNA, mitokondrial genom, kloroplast genomu gibi DNA'n›n çeflitli tipleridir. Proteinlerden sistematik veriler elde etmek
için elektroforetik ve immünolojik teknikler kullan›l›r. Elektroforetik metotlar genellikle protein verilerinin iki genel formu olan
izozimler ve allozimler üzerine odaklan›rken, immünolojik çal›flmalar›n temeli antijen-antikor tepkimeleridir. Sistematik amaçlar için
DNA'n›n kullan›ld›¤› baz› temel metotlar DNA-DNA hibridizasyonu, restriksiyon enzim analizi, klonlama, dizileme, PCR ve PCR-tabanl›
parmakizi teknikleridir.
Anahtar Sözcükler: DNA, protein, sistematik biyoloji, filogeni

Introduction
Until the 1960s, systematic data was generally
collected from morphological and behavioral
variations. However, after the 1960s biological
macromolecules gained an increasingly important role
in evolutionary and systematic studies. Early
molecular studies with systematic purposes were
concerned largely with proteins. Immune reactions
were used by Nuttall in 1904 and proteins were
utilized as taxonomic markers. To reveal protein
variation within and among species, protein
electrophoresis and histochemical staining were used
as early applications. Isozyme and allozyme
electrophoresis are the most widely used approaches
in molecular systematics. The detection of amino acid
composition and sequence is also used for comparing
different species (1). Great variations in chromosome

numbers in and among species can be used for
phylogenetic purposes (2).
In the past decade, DNA and RNA analysis were widely
used to generate systematic data. Data generated from
the nucleus, mitochondria, chloroplast, ribosomal DNA
and microsatellite DNA provided important advantages.
Nucleic acid studies contain base substitutions and
rearrangements (inversion, insertion, deletion and
translocation) and they are compared with reference
sequences.
Since the 1960s, the reconstruction of phylogenies
from data has become an important and increasingly
common approach in systematics. There have been
important discussions on whether molecular or
morphological features are always inherently better
sources of information for estimating phylogeny (3).
However, it is at present known that studies
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incorporating both molecular and morphological data will
provide much better descriptions and interpretations of
biological diversity than those that focus on just one
approach (4,5).

I. PROTEINS
A- Electrophoresis of Proteins
The electrophoresis of proteins is an effective
technique for generating systematic data from
macromolecules. This method has become increasingly
popular among systematists (6).
Generally, electrophoretic methods have focused on
two general forms of protein data, isoenzymes (also
called isozymes) and allozymes. Isozymes are multiple
forms of an enzyme that catalyze the same reaction, but
differ from each other in amino acid sequence, substrate
affinity, Vmax, and/or regulatory properties. They involve
different molecular forms encoded by different genes (79). The other data set consists of allozymes that are
different alleles of the same gene locus. Allozymes are a
subset of isozymes (10). These proteins migrate
differentially in a gel, because of differences in net
charge, size, shape, or a combination of these factors.
Therefore, both forms of data can be used for systematic
and phylogenetic studies in plants (11-15).
One of the advantages of electrophoresis is that
allozymes are inherited in a codominant fashion (6).
Heterozygotes have different phenotypes than
homozygotes, and therefore it is possible to distinguish
between plants that are homozygous and heterozygous at
a gene locus. Gene frequencies can be calculated by
identifying the heterozygotes and homozygotes, and then
these frequencies can be used for a comparison of
populations for phylogenetic purposes (6,16).
The genetic data generated by electrophoresis can be
used to answer two questions: 1- Do the samples in
which genes are being compared lie in the same gene pool
or different gene pools? 2- How different (or, conversely,
how closely related) are the gene pools that are being
compared (or what genes do they share)?
Normal and abnormal proteins, which have different
phenotypes, migrate differentially in a gel. If an amino
acid substitution occurs in a protein molecule, this
substitution may generate alterations in its
electrophoretic mobility, because an alteration in the
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amino acid sequence may affect the net charge or possibly
cause conformational changes. Some of the mutations,
generally point mutations in the region of the DNA coding
for one particular enzyme, might result in the formation
of a new allozyme allele. This new allele, which randomly
appeared or disappeared, will initially seem to be at very
low frequencies in the population. The evolutionary fate
of the new allele will depend on its relative physiological
performance and also on the changes in frequency when
passed on to the next generation. In populations, new
randomly appeared or disappeared alleles allow us to
estimate how much they have diverged (10).
Electrophoresis cannot demostrate the identity of two
proteins; it can only show differences. Under the same
electrophoresis conditions, comigrating proteins are
probably identical.
Electrophoretic methods allow the separation of
proteins on the basis of molecular size, net charge
(depending on the amino acid composition of the
protein), number of subunits, molecular size of the
subunits, molecular shape, isoelectric focusing or a
combination of these factors. To study different types of
proteins, various electrophoretic methods have been
preferred.
B-Immunological Techniques
Immunological techniques have been used for
phylogenetic purposes since the pioneering work of
Nuttall (1904). The advantages of immunological
methods are better understood at present. Quantitative
and qualitative estimates of amino acid sequence
differences between homologous proteins can be carried
out by immunological techniques.
The antigen-antibody reaction is the basis of the
whole field of immunology. Antibody specificity reflects
the phylogenetic relationship. Homologous proteins of
closely related species are more similar to each other than
those of widely separated species. The degree of
reactivity between the antibodies and antigens from
different species is then measured and appears as a
phylogenetic relationship between the different species.
When two taxa show a strong serological cross reaction,
they are viewed as closely related and the lack of a
reaction or a weak reaction is taken to mean a distant
relationship.
Immunological data has certain limitations. In
immunological studies, one-to-one comparisons are
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carried out. If many taxa are to be compared, the number
of comparisons becomes quite large and expensive. For
example, in 1904, Nuttall used 900 blood specimens
from more than 500 species of animals to perform
16,000 tests and used 30 immune sera prepared in
rabbits.
Several test systems, such as precipitin and
immunodiffusion
tests,
immunoelectrophoresis,
radioimmunoassays and microcomplement fixation, can
be used to measure the amount of formed antigenantibody complexes between compared taxa.

II. DNA
Some basic methodologies for working with DNA for
systematic purposes are given below:
A- DNA-DNA Hybridizations
The earliest approach to the use of nucleic acids in
systematic studies involved the hybridization of nuclear
DNA. In this method, the first step is the isolation of
double-stranded DNA molecules. RNA and protein are
removed from DNA. Double-stranded DNA is reduced to
a certain length by mechanical shearing. Treatment of the
DNA with heat or alkali breaks the hydrogen bonds
between the two strands and thus produces singlestranded DNA. When single strands of DNA from the
same or different species are mixed together under
appropriate conditions, they will associate to form
double-stranded DNA if there is sufficient
complementarity among nucleotides in the two strands.
The capability of two complementary DNA strands to pair
with one another can be used to detect similar DNA
sequences in two different species. The closer the
evolutionary relationship between the species, the more
extensively will their DNAs hybridize.

centrifugations. The use of nucleic acid hybridizations for
phylogenetic relationships among species has never been
a popular method compared to reaction analysis and
sequencing. There are several reasons for the decline in
the use of nucleic acid hybridizations for systematic
purposes. The technique is relatively time-consuming and
expensive. When base pair mismatches exceed 20%, the
results of annealing studies become unreliable, and it is
not possible to use the method for comparing more
distantly related taxa. At the other extreme, the approach
may not be sensitive enough to measure small differences
accurately. The data from annealing studies consists of
one-to-one comparisons needed for examining
relationships between a number of taxa, and this becomes
quite large and impractical.
Annealing studies, while providing some measure of
sequence divergence between DNAs, are not as precise as
reaction analysis, or especially sequencing, for revealing
the nature of the divergence. This technique is not used
in plants because of great variations in genome size,
polyploidy, and repeated elements.
B- Restriction Enzyme Analysis
Restriction enzymes are endonucleases that cut
double-stranded DNA. Type-II restriction endonucleases
are generally used for phylogenetic purposes. The
number of fragments produced by restriction
endonucleases depends on the number of recognition
sites present in the molecule. Some changes in nucleotid
sequence affect recognition sites for restriction enzymes.
The appearance of different numbers of recognition sites
may contribute useful data for comparing different
species (17,18).

Reaction conditions are very important for the success
of the test. The most important parameters are heat and
salt concentrations.

For comparative purposes, cpDNA from different
organisms can be cut by several restriction
endonucleases. The DNA fragments are separated on the
basis of size by electrophoresis on agarose or
polyacrylamide gels. Samples in gels can be visualized by
a suitable staining technique. Generally, it is desirable to
transfer the DNA from the gels to nitro-cellulose or nylon
membranes. The DNA fragments are denatured by
soaking the gel in alkali, and then transferred to
nitrocellulose paper, which is then immersed in a solution
containing a radioactively labeled DNA probe. Fragments
the probe hybridizes are revealed by autoradiography
(19-21).

Hybrid formation can be measured by different
procedures such as chromatography or isopycnic

It is possible to construct a linkage map using RFLPs,
because they are inherited as codominant markers (22-

In this technique, while the single-strand sheared DNA
from one species is radioactively labeled, similarly treated
DNA from another species is not radioactively labeled. To
ensure that the labeled DNA (tracer) reassociates with
unlabeled DNA (the driver DNA), an excess of unlabeled
DNA is added relative to labeled DNA.
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25). Thus it can be determined whether different species
have the same order of genes in their chromosomes. It is
possible to construct genetic maps using RFLPs (26,27).
Consequently, variation within and among populations
may be employed for generating phylogenies. Restriction
site analysis has several advantages. This method is
technologically simple and less expensive relative to
several other methods in molecular biology. Most of the
phylogenetically informative DNA rearrangements such as
inversion, insertion, deletion and translocation occur at
restriction sites present in noncoding regions (24,28,29).
C- Cloning
In systematic studies, large amounts of pure DNA are
needed. Then cloning is generally used. In the cloning
technique, the first step is cutting the DNA with
restriction endonucleases. To clone a sequence, both the
DNA sequence of interest and plasmid are digested and
complementary ends are produced. Under suitable
conditions, these digested DNAs are mixed together and
DNA circles form that contain both the plasmid DNA and
the DNA of interest. Then, DNA ligase covalently closes
the single-chain breaks remaining in the circles. This new
molecule is named recombinant DNA. The recombinant
circular DNA is next introduced into a bacterium. The
bacterium containing the DNA of interest may be stored
at low temperatures for long periods of time. When it is
needed, very small amounts of these stocks may be used
to innoculate a nutrient medium. For many systematic
studies, cloning is not essential, because suitable clone
banks are available from various laboratories (17,18,24).
D- DNA Sequencing
DNA sequencing is a recent approach for systematics
as for all of biology, but it has become one of the most
commonly utilized methods of the molecular approaches
for phylogenetic relationships (30). There exist two main
methods of DNA sequencing; the Maxam Gilbert or
chemical method and the Sanger dideoxy or enzymatic
method; the latter is in more widespread use. The general
principle for these methods is to reduce the DNA to be
sequenced to four sets of labelled fragments. In the
Sanger method, a polymerase chain reaction is carried out
as the first step. The 3'-hydroxyl group of the
radioactively labeled primer reacts with the
deoxynucleoside triphosphate (dNTP) to form a new
phosphodiester bond. Dideoxynucleoside triphosphate
(ddNTP) analogs are used to interrupt DNA synthesis
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occasionally. When the dNTP is replaced by the ddNTP,
DNA synthesis is interrupted after the ddNTP analog is
added because ddNTP does not have the 3'-hydroxyl
group, and this group is essential for the next step. The
newly synthesized DNA strands are prematurely
terminated in different positions. The DNA fragments are
separated
by
denaturing
polyacrylamide
gel
electrophoresis and visualized by autoradiography.
DNA sequencing is also now automated and thousands
of nucleotides can be sequenced in a few hours.
Sequencing is chosen as a final strategy because it
requires more effort and cost (7).
E- PCR and PCR-Based Fingerprinting Techniques
Polymerase chain reaction (PCR) is preferred to
cloning because this technique amplifies DNA directly
without cloning into a vector. PCR by thermal cycling is
an in vitro method that can be used to amplify a specific
DNA fragment from small amounts of DNA template. This
technique also allows the sequencing of DNA from
herbarium specimens, museums or herbaria. The method
consists of three steps: 1. DNA strands are denatured by
high heat (denaturing step), 2. Primers hybridize to their
complementary sequences (annealing step), and 3. Taq
DNA polymerase adds nucleotides to the end of the
primer. Thus, both of the DNA strands are duplicated
(extension step). In repeated cycles the newly synthesized
strands can now act as templates for the other primer,
and this results in exponential increase in the number of
specific DNA fragments (31-33).
PCR-based fingerprinting techniques have been
successfully developed for the estimation of genetic
diversity among closely related species and among
populations/individuals with a great diversity of
techniques, such as randomly amplified polymorphic DNA
(RAPD), arbitrary primed-polymerase chain reaction (APPCR) (34), DNA amplification fingerprinting (DAF) (35),
microsatellites, amplified fragment length polymorphisms
(AFLP), and amplified fragment length polymorphismbased mRNA fingerprinting (AMF) (36). These techniques
generate DNA markers for genetic mapping and
diagnostic applications (37,38). The construction of
molecular linkage has become an essential tool for plant
molecular genetics and also for breeding research since
the 1980s, with DNA-based markers being used in such
experiments (23,37,38). RAPD markers based on the
differential PCR amplification of a sample of DNAs form

S. GÜLB‹TT‹ ONARICI, S. SÜMER

short oligonucleotide sequences. The polymorphisms
between individuals result from sequence differences in
primer binding sites. RAPD markers are quickly and easily
detected by agarose gel electrophoresis (21,39,40).
Microsatellite markers based on the PCR amplification of
DNA sequences are composed of tandem repetition of
simple sequence motifs (2-6 bp); therefore,
microsatellites are also known as simple sequence repeats
(SSRs) (41,42). Microsatellite markers are useful in
marker-assisted breeding for some resistant genes in
plants (43). RFLP markers are also used as a diagnostic
tool for detecting the presence of resistance alleles (44).
The length of microsatellite markers is determined by
polyacrylamide or agarose gel electrophoresis (43,45).
The generation of AFLP markers is achieved by the
ligation of known sequence or adaptor molecules to a
population of doubly digested DNA restriction enzyme
fragments, followed by specific amplification of a sub-set
of these using PCR with adaptor-homologous
oligonucleotides that can easily be resolved on a standard
denaturing polyacrylamide gel. The AFLP marker system
is a highly sensitive method of DNA fingerprinting for use
in a variety of fields, including plant and animal breeding,
medical diagnosis, forensic analysis and microbial typing.
AFLP combines the advantages of time efficiency from
PCR-based markers with the reliability of RFLP markers
(44,46-48).

DNA Materials Used in Phylogenetic Studies
1. Nuclear Genome
Genome size varies among different organisms. This
aspect of the nuclear genome can provide considerable
systematic and phylogenetic information. However, in
some cases this makes it difficult to extract the
information. Additionally, the inheritance of nuclear
genes is biparental.
The total amount of DNA present in the haploid
nuclear genome of a species is called the C value. This
value shows large variations among different species.
Less than 5-10% of the total DNA present in a genome is
needed for coding proteins. This excess DNA in the
nuclear genome is called the C-value paradox (49).
Although measurements of DNA amounts in the nuclear
genome of different species may provide useful
information, these are limited values for systematic data.
The amount of DNA in nuclear genomes may vary

between species even in the same genus, and this
especially creates difficulties during studies carried out on
plants. Therefore, if plant material is to be studied, it
should be sampled extensively. The reason for
intraspecific variation in nuclear DNA content remains an
open question. It may depend on certain attributes of the
species such as the amplitude of their ecological
preferences, whether the plants are annual or perennial,
or whether they are outcrossers or selfers.
The nuclear genome consists of certain DNA
sequences that are present once per genome. These are
called single-copy or unique-sequence DNA. Other
sequences may occur in the genome from several up to a
million times. These are called repetitive DNA. The
proportion of single-copy and repetitive sequences in a
genome defines genome complexity. Because single-copy
sequences are different from all other sequences, all
single copy sequences contribute to genome complexity.
However, the length of a repetitive sequence is counted
only once when calculating genome complexity.
In the DNA-DNA hybridization studies carried out for
phylogenetic purposes, the DNAs of different species are
hybridized under given conditions, and the similarities
between these species are sought. In this technique,
single-copy and repetitive DNA sequences present in the
nuclear genome can be used and their hybridization times
can be compared with each other. During DNA-DNA
hybridization, while single-copy sequences slowly find
each other, repetitive sequences do so rapidly. Therefore,
slow reactions are characteristic for the number of singlecopy DNA in the genome. If the concentration of singlecopy DNA is higher, reassociation reactions occur over a
longer period of time than those of repetitive sequences.
One of the techniques employed to locate particular
repetitive sequences on the chromosomes is in situ
hybridization (50). The method involves hybridizing
radioactively labeled fragments of DNA to single-stranded
DNA in chromosomes. Autoradiography allows us to
determine the location of the labeled fragments on the
chromosome (28).
2. Nuclear Ribosomal DNA
Ribosomal RNAs are both structural and functional
parts of ribosomes. Ribosomal RNAs are transcribed
from ribosomal DNAs as tandem repeat gene families, but
they are never translated. Each member of this gene
family encodes three separate molecules in the following
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order along the chromosome: 18S, 5.8S and 28S rRNAs.
16S, 23S and 5S rRNAs for bacterial cells, 16S and 12S
for mitochondria and 16S, 23S, 5S and 4.5S rRNAs for
chloroplasts are characteristic units. rDNA genes are
inherited biparentally. The tandemly repeated multigene
family of the 18S, 5.8S and 28S ribosomal RNAs have
proven to be a useful tool for molecular evolutionary
studies in eukaryotes (52-54).
Different methods are employed to study rDNA.
Earlier studies of rDNAs for systematic purposes
consisted of DNA-DNA hybridization experiments, but this
method was not sufficiently informative to understand
phylogeny. In rDNA hybridization, a complicating factor is
the different copy numbers that may be present in the
species (55).
Recent studies carried out with rDNA have
concentrated on RFLP analysis and southern blotting. It is
possible to detect variations in the restriction sites of
rDNAs from different species. Sequencing is the latest and
most sophisticated method. Repeat units of rDNAs
involve both highly conserved sequences (main units, 18S
and 28S) (5). Internal transcribed spacer (ITS) regions of
the main units have proven to be a useful source of
molecular characters for phylogenetic studies. Two
spacers between 18S and 5.8S (ITS1) and between 5.8S
and 28S (ITS2) can be sequenced using universal primers.
These sequences provide higher resolution for assessing
intergeneric and interspecific relationships than other
sequences (56-60).
Genes coding ribosomal RNAs have several advantages
for systematic studies. Copies of ribosomal RNAs are
abundant in the cell, and thus the number of cells
required for experimental studies is minimized. This may
be an important factor when cell material is scarce. To
study ribosomal RNA genes for systematic purposes, total
genomic DNA can be cut by restriction endonucleases,
cloned probes can be prepared and/or specific DNA
fragments can be amplified. rDNA and rRNA are
abundantly included in actively growing tissue (61).
Contrary to the high variable and non-coding spacer
regions, genes encoding 5.8S, 18S and 28S ribosomal
RNAs have been highly conserved.
There are some factors that limit restriction enzyme
analysis of rDNAs. One of these limitations is that the
number of restriction enzymes that can be used is small,
because the nuclear rDNA is methylated at most CG
dinucleotides and CXG (X could be any nucleotide)
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trinucleotides. In this case, many restriction enzymes that
are specific to these sequences cannot recognize and
cleave, if they are methylated. Thus, many variants
cannot be detected (62).
Useful data for systematics include variations in the
restriction sites and in the length and site of
polymorphisms, but within indiviual plants only single
repeat types are observed (2).
3. Mitochondrial Genome
Mitochondrial (mtDNA) is a closed circular duplex
molecule. The size of mtDNA differs among organisms.
While the mtDNAs of animals consist of about 16,000 to
18,000 base pairs, the mtDNAs in plants are relatively
large and vary over extreme limits. The size, structure
and gene order of mitochondrial genomes vary widely in
angiosperms; therefore, restriction analysis involving a
whole genome is very difficult (29). The sizes of mtDNAs
for various organisms are given below (49).

Organism

Size in Kilobase

Human

16.6

Mouse

16.2

Xenopus (frog)
Drosophila (fruit fly)
Saccharomyces (yeast)
Pisum sativum (pea)

18.4
18.4
84.0
110.0

In contrast to nuclear and ribosomal DNA, mtDNA is
inherited maternally. Its replication is semiconservative.
Mitochondria are partially autonomous; the number of
mitochondria (and mtDNA) increases with the energy
requirement of the cell. This increase is advantageous
because the number of cells required for experimental
studies is lower. Since mtDNA in the cell is related to the
energy need of the cell, it increases the mutation
frequency of mtDNA considerably. Therefore, both
mutant and normal mtDNA are possibly present in the
same cell. mtDNA has highly conserved evolutionary
sequences. Some genes that are vitally important for cell
life are located on mtDNA. If mutations appear in the
coding sequences, they may be lethal for the organism.
The sequences that are used for systematic purposes are
highly variable and generally observed in the non-coding
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regions. In recent years, studies employed on mtDNA are
especially concentrated on the cytochrome b gene (6365).
Studies employed to form systematic data on mtDNA
are based on differences in molecular size, hybridization
samples, restriction fragment analysis, southern blotting
analysis (66,67) and specific sequences that are
sequenced and compared.
Since mtDNA has a small size and a highly conserved
structure, it is generally preferred for systematic studies.
The alteration rate for mtDNA is 2% of the nucleotides in
one million years. The evolutionary history of the plant
mitochondrial genome is poorly known, and the animal
mitochondrial genome is the best known of any group of
organisms (65). Recent phylogeographic studies on
mtDNA sequences have revealed the evolutionary history
of several organisms (63,68-71).
4. Chloroplast Genome
Chloroplast DNA (cpDNA) is a closed circular molecule,
like mtDNA. cpDNA is also replicated semiconservatively
and inherited maternally (72). Its size varies among
different species, generally ranging from 130 to 160 kb.
In some exceptional plants, this may range from 120 to
217 kb (29). Whole land plants have a general structural
organization for the chloroplast chromosome. There are
two regions in the molecule that are identical but in

opposite orientation to each other. These regions include
approximately 15% of the whole chloroplast genome.
Two unical regions known as small and large single-copy
regions are also located between these inverted repeat
regions. Like mitochondria, the number of chloroplasts
increases according to the needs of plants (i.e.
photosynthesis and energy). For phylogenetic purposes,
the analysis of multicopy genomes such as cpDNA and
mtDNA has several advantages over the analysis of
nuclear genes and their products, as it is less prone to
DNA alterations through mutation, recombination and
introgression (73,74). Since the chloroplast genome is
present in high copy numbers in the cell, less plant
material is needed for molecular studies (20,72,75). It is
widely used for restriction site mapping, because the
chloroplast genome is large enough to be assayed with
several restriction enzymes (18,76,77). Phylogenetically
informative variations occur generally at restriction sites
present in non-coding regions (78). While restriction site
mapping represents an indirect comparison, cpDNA
polymorphisms have been used to evaluate the
cytoplasmic diversity and maternal lineage of some wild
and cultivated plant species. In many studies, sequence
variations have been determined by means of RFLP
analysis (18). However, sequencing, especially for plants,
is more expensive and time consuming (34,59,75).
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